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A significant proportion of the world’s population is aff ected by food insecurity. Ninety-fi ve percent of current population growth occurs in developing coun-
tries where food security and livelihoods are strongly linked 
to productivity under rainfed cropping systems (Rockstrom et 
al., 2003). However, evidence suggests that low productivity 
under rainfed agriculture is caused by poor soil fertility and 
water management rather than inherently limiting physical 
conditions (Rockstrom and Falkenmark, 2000). For instance, 
low crop yields have been coupled with low crop water produc-
tivity (CWP) of <1 kg m–3 (Liu et al., 2008), which implies 
ineffi  cient use of the available water resources. Th erefore, there 
could be an opportunity to improve the use of the scarce water 
resources under rainfed cropping systems through management 
that enhances higher CWP.
Crop water productivity and water use effi  ciency (WUE) 
defi nitions have sometimes been used interchangeably. Th e 
main variation has been in the denominator of the expres-
sions, which have ranged from total water supplied to water 
depleted through evapotranspiration (Gregory, 1989; Molden 
et al., 2010; Singh et al., 2010). Notwithstanding variations in 
the defi nitions of WUE and CWP, it is imperative to increase 
yield produced for every drop of water applied or consumed, 
particularly under water-limiting conditions. Th is could also 
be used as an adaptation measure to climate change, which 
has predicted lower and more erratic rains in southern Africa 
(Intergovernmental Panel on Climate Change, 2007). Several 
studies have documented the positive eff ects of soil fertil-
ity management on CWP and/or WUE, which have been 
attributed to rapid biomass production, thus the increasing 
transpiration/evaporation ratio of the crops (Rockstrom et al., 
2003; Hati et al., 2006; Singh et al., 2010). However, reference 
to evapotranspiration poses a challenge in the quantifi cation of 
the crop response because of inclusion of evaporative losses that 
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aBstraCt
Crop water productivity is oft en regarded as indicating the water 
use effi  ciency of crops, an important aspect, particularly under 
erratic rainfall conditions. Th is study investigated the eff ects 
of cattle manure and mineral-N fertilizer application on maize 
(Zea mays L.) water productivity (MWP) on clay and sandy 
soils in a smallholder farming area of Zimbabwe. Four fi elds 
previously exhibiting heterogeneous fertility were managed 
under the following treatments: control (no amendment) and 
cattle manure (5, 15, and 25 Mg ha–1) + 100 kg ha–1 mineral-N 
fertilizer for 7 yr. Th ereaft er, the eff ects of fertility treatment 
on MWP were expressed as actual maize grain yield produced 
per unit of seasonal transpiration modeled using AquaCrop. 
Furthermore, the relationship of MWP to physical soil 
properties was determined using principal component analysis. 
Th e MWP signifi cantly (P < 0.05) improved with an increase in 
cattle manure plus mineral-N fertilizer application over control 
on both soils ranging between 0.5 and 1.7 kg m–3 and between 
0.24 and 1.1 kg m–3 on clay and sandy soils, respectively. Th e 
MWP was signifi cantly correlated (P < 0.05) with the steady-
state infi ltration rate on the clay soil and with soil organic C on 
the sandy soil. We concluded that cattle manure and mineral-N 
fertilizer application is key to MWP improvement in rainfed 
smallholder cropping systems and is closely coupled with 
improvements in physical soil properties on clay soil than sandy 
soil. Th erefore, the observations attest to the importance of site-
specifi c management that could contribute to effi  cient resource 
use in resource-constrained farming areas.
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do not directly contribute to yield formation (Rockstrom et 
al., 2003). Although partitioning of evaporation and transpira-
tion appears as an alternative to obtaining more precise CWP 
values, its feasibility at field level is a challenge. Consequently, 
simulation modeling may provide an alternative to overcome 
such challenges (Casa et al., 2000).
AquaCrop, a yield-response to water model developed by the 
FAO has been successfully used to predict water productivity 
under diverse water and environmental conditions (Heng et al., 
2009; Singh et al., 2013). It progresses from the previous “yield 
response to water” approach of Doorenbos and Kassam (1979) 
by separating evapotranspiration into crop transpiration (Tr) and 
soil evaporation (Es), therefore avoiding the confounding effect 
of the nonproductive use of water through Es. The advantages of 
the AquaCrop model (version 4.0, FAO, Rome, Italy) include the 
low parameter requirements, simplicity and wide spatial appli-
cability (Steduto et al., 2009).We therefore chose the AquaCrop 
model as a means to partition evaporation and transpiration and 
subsequently used transpiration to calculate MWP under com-
bined cattle manure and mineral-N fertilizer application.
Maize water productivity was determined from clay and 
sandy fields that previously exhibited variable fertility typi-
cally classified as homefield (HF: more fertile and closer to 
homesteads) and outfield (OF: less fertile and further from 
homesteads). However, 7 yr of balanced fertilizer application 
significantly and comparably improved soil physical fertility to 
both HFs and OFs (Dunjana et al., 2012, 2014). Furthermore, 
we sought to determine the relationship between MWP and 
selected soil physical properties under combined cattle manure 
and mineral-N fertilizer application. We found no studies that 
related MWP to soil physical properties, despite several studies 
that related soil parameters to crop productivity (yield). We 
hypothesized that cattle manure and mineral-N fertilizer appli-
cation would improve MWP through its positive impacts on 
the soil physical properties.
Materials and Methods
study area, site selection, and Field experiments
The field trial was established in the 2002–2003 cropping 
season in Murewa smallholder farming area (17°38¢49² S, 
31°46¢39² E, altitude 1270 m) which lies approximately 80 km 
east of Harare, Zimbabwe. Murewa is characterized by a sub-
tropical climate receiving a mean annual rainfall of 750 to 1000 
mm in a unimodal pattern (October–April). Mean minimum 
and maximum temperature ranges are 10 to 13 and 19 to 23°C, 
respectively. The dominant soil types are deeply weathered 
and leached coarse-grained loamy sandy soils and dark reddish 
brown, well-drained clay soils. The sandy soil is classified as a 
Haplic Lixisol (FAO classification), a Typic Kandiustalf (USDA 
soil taxonomy), or Harare 6 g.2 (Zimbabwe soil classification) 
(Nyamapfene, 1991). The clay soil is classified as a Chromic 
Luvisol (FAO classification), a Rhodic Paleustalf (USDA soil 
taxonomy), or Banket 5E.2 (Zimbabwe soil classification). Mixed 
crop and livestock production is the main farming system, with 
maize grown as the staple crop. Cattle provide draft power for 
cropping as well as manure for soil fertility improvement.
The experiment consisted of four fields selected to represent 
two soil fertility domains: the characteristically more fertile 
HFs and the less fertile OFs on the two soil types (Zingore et al., 
2007). A detailed description of the experimental set up is pre-
sented in two earlier studies (Dunjana et al., 2012, 2014). Note 
that testing the effects of soil type and field type as experimental 
factors was beyond the scope of the current study. This was largely 
because of potential confounding factors associated with differ-
ences in management practices among smallholder farmers and 
their likely impacts on soil properties. Initial soil characterization 
was performed following standard procedures (Anderson and 
Ingram, 1993); soil characteristics at the start of the experiment 
are presented in Table 1. Further, the cattle manure used was 
characterized and generally contained macro- and micronutrients 
as follows: 11 g N kg–1, 1.8 g P kg–1, 2 g Ca kg–1, 0.8 g Mg kg–1, 
6.4 g K kg–1, 800 mg Fe kg–1, 22 mg Cu kg–1, 280 mg Mn kg–1, 
and 112 mg Zn kg–1. Experimental layout within each field fol-
lowed a randomized complete block design. Fertility treatments, 
which included a control (no amendment) and aerobically com-
posted solid cattle manure applied annually on a dry mass basis at 
5, 15, and 25 Mg ha–1 in combination with 100 kg ha–1 mineral-
N fertilizer, were applied for seven consecutive years to plots 
measuring 6 by 4.5 m. The fertility treatments were replicated 
three times within each field. Experimental plots were subjected 
to conventional tillage using an ox-drawn moldboard plow to 
15–20 cm depth. Cattle manure was first broadcast and incorpo-
rated into the soil (0–10 cm) using hand hoes before planting. A 
short-season maize cultivar with good drought tolerance (SC525) 
was planted at 0.9 by 0.25 m inter- and intra-row spacing for a 
targeted 44,444 plants ha–1. Gap filling was done 1 wk after crop 
emergence. Ammonium nitrate (34.5% N) fertilizer was split-
applied as topdressing at 3 and 6 wk after crop emergence on all 
fields except the control treatment; weed control was done manu-
ally using hand hoes just before each topdressing with NH4NO3.
Brief description of the aquaCrop Model
AquaCrop consists of four modules (weather, soil, crop, and 
management) that define the environment of crop development. 
Table	1.	Initial	soil	characteristics	on	clay	and	sandy	homefields	and	outfields	sampled	in	the	2002–2003	season	(source:	Zingore	et	al.,	
2007).
Sand Silt Clay pH† pH‡ SOC§ Total	N Available	P CEC¶
—————— % —————— —— g kg–1	—— mg kg–1 cmolc kg
–1
Sandy	homefield 85 2 13 5.1 4.9 5 0.4 7.2 2.2
Sandy	outfield 88 4 8 4.9 4.5 3 0.3 2.4 1.6
Clay	homefield 46 15 39 5.6 5.3 14 0.8 12.1 24.2
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The atmospheric environment consists of weather variables 
required for the calculation of reference evapotranspiration (ET0) 
and the mean annual CO2 concentration measured at the Mauna 
Loa Observatory in Hawaii. The soil component is configured 
as a disperse system allowing up to five layers of variable depth 
along the profile. Soil hydraulic characteristics (drainage coef-
ficient, hydraulic conductivity, and water content at saturation, 
field capacity, and permanent wilting point) can be inferred from 
particle size data based on the USDA soil textural classification 
system. AquaCrop further simulates water balance processes such 
as runoff, infiltration, redistribution, deep percolation, evapora-
tion, and transpiration for cropped surfaces through pedotransfer 
functions. The crop parameters are classified into conservative 
parameters (requiring no adjustment to local conditions; e.g., 
canopy growth and canopy decline coefficient), cultivar-specific 
parameters (these can sometimes be adjusted if one uses different 
cultivars for calibration), and less conservative parameters (these 
require adjustment, as they vary with management, soil profile 
characteristics, and weather conditions). The management mod-
ule requires specificity in management aspects such as irrigation 
or rainfed production (Steduto et al., 2009).
Model inputs
Weather Parameters
Daily weather data for maximum and minimum daily tem-
perature, solar radiation, net radiation, relative humidity, and 
horizontal wind speed at 2 m height were obtained from the 
nearest meteorological station in Marondera, approximately 
60 km from the experimental site. These were used to calculate 
ET0 using an ET0 calculator based on the FAO Penman–
Monteith method (Allen et al., 1998): 
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where ET0 is the reference evapotranspiration (mm d
–1), Rn is 
the net radiation at the crop surface (MJ m–2 d–1), G is the soil 
heat flux density (MJ m–2 d–1), T is the mean daily air tem-
perature at 2-m height (°C), u2 is the wind speed at 2-m height 
(m s–1), es is the saturation vapor pressure (kPa), ea is the actual 
vapor pressure (kPa), es – ea is the saturation vapor pressure 
deficit (kPa), D is the slope of the vapor pressure curve (kPa 
°C–1), and g is the psychrometric constant (kPa °C–1). Rainfall 
was measured onsite daily using rain gauges. The calculated 
daily ET0 (Eq. [1]) and rainfall data were specified in the 
model, whereas the CO2 concentration used was 369.0 mL L
–1 
observed at the Mauna Loa Observatory in Hawaii.
soil Characteristics
Two soil profile descriptions, one for the clay and the other 
for the sandy site, were made close to the experimental fields 
(approximately 1–1.5 m away to avoid disturbing the experimen-
tal plots) to obtain profile characteristics for the two sites. The 
profile characterization was performed in June 2008 before the 
onset of the wet planting season. The profile descriptions gave 
details including the number of horizons, horizon thicknesses, 
and textural classes. Soil sampling for moisture characteristics 
in the surface horizons was done using cores in April 2009 after 
harvesting the maize crop. Thereafter, field capacity was mea-
sured at 10 and 33 kPa for the sandy and clay soils, respectively, 
and the permanent wilting point was measured at 1500 kPa for 
both soils using tension tables (10 kPa) and pressure chambers 
(Landon, 1991). Model default values for soil characteristics that 
included drainage coefficient, hydraulic conductivity at satura-
tion, and volumetric water content at the surface as well as sub-
surface soil characteristics were used. Furthermore, the default 
values in AquaCrop for runoff (through curve number), infiltra-
tion, redistribution, deep percolation, capillary rise, and uptake 
were used for the treatments.
Crop Characteristics
The crop parameters required needed as input into the crop 
module included date of sowing, harvest, length of the growing 
season, crop coefficient, and maximum rooting depth reached 
(Table 2). The crop coefficient is the crop-specific coefficient, 
















Mg	ha–1 kg	ha–1 cm ————%———— ———	cm	——— —————%———— cm
Clay	soil†
0 0 0–13 32.1 17.4 39.5 0–14 33.5 17.4 35.6
5 100 0–13 34.5 19.1 45.2 0–14 32.0 19.9 47.1
15 100 0–13 33.3 21.0 62.6 0–14 31.9 22.1 65.7
25 100 0–13 32.2 19.3 62.9 0–14 31.1 18.3 66.8
Sandy	soil‡
0 0 0–14 16.1 3.1 41.6 0–14 10.2 2.0 35.4
5 100 0–14 16.8 3.7 49.3 0–14 13.9 2.0 42.0
15 100 0–14 16.2 3.1 69.1 0–14 14.0 2.6 60.5
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effects of evaporation from the soil. Therefore, records of field 
activities, including sowing and harvest dates, were kept. The 
length of the growing season was calculated as the number of 
days from date of sowing until harvest date. The crop coeffi-
cient for maize cultivar SC525 was obtained from the Seed Co 
agronomy manual (Seed Co Limited, 2004). The maximum 
rooting depth reached was determined immediately after har-
vesting the maize crop (April 2009) by digging pits adjacent to 
one outer block. Roots from four plants were observed in each 
treatment. Water was used to wet the soil where roots were 
not readily visible. Furthermore, initial crop canopy cover was 
assumed to be similar in all plots, since gap filling was done 
1 wk after crop emergence. However, we assumed differential 
maximum canopy cover among treatments based on visual 
observations. We therefore assigned the following classes: very 
thinly covered (11–64% cover), fairly covered (65–79% cover), 
and well covered (80–90% cover) to correspond with the con-
trol, 5 and 15 Mg ha–1 cattle manure and 100 kg ha–1 N, and 
25 Mg ha–1 + 100 kg ha–1 N, respectively.
Management Practices
We selected the rainfed option under the management 
module, since our crop was grown under rainfed conditions. 
In addition, we assumed different soil fertility levels for the 
fertility treatments based on the available options in the model. 
These fertility levels were very poor, poor, moderate and near 
optimal fertility to correspond with the control, 5, 15, and 
25 Mg ha–1 cattle manure and 100 kg ha–1 N, respectively.
Validation of the aquaCrop Model
To validate the AquaCrop model, the water balance submodel 
was used and the actual soil moisture content of the soil was 
measured and compared with the simulated moisture content. 
It was assumed that if AquaCrop could satisfactorily simulate 
actual moisture content, it would also satisfactorily predict other 
water balance components such as transpiration and evaporation, 
which were not easily measured, since the same weather, soil, and 
crop parameters were used. Actual soil moisture was determined 
gravimetrically (Okalebo et al., 2002) from all treatment repli-
cates up to 0.6 m on both clay and sandy soils. Soil samples were 
collected at planting and 2, 6, 10, and 14 wk after crop emer-
gence. Observed moisture content was plotted against simulated 
moisture content and a simple regression model fitted. The 
coefficient of determination, R2 was used to evaluate the extent 
of agreement between the modeled and measured values. In 
addition, two statistical criteria, namely (normalized deviation 
[|ND|] and model efficiency [EF]), were used to further validate 




































where Si is simulated moisture content, Oi is observed moisture 
content, and Ō is the mean observed value.
Calculation of Maize Water Productivity





Maize grain was harvested in April 2009 from plots measuring 
2 by 1.8 m. Grain moisture content at harvesting was measured 
using a moisture meter; thereafter, grain yield was standardized 
by adjusting to 12.5% moisture content. Accordingly, yield data 
and simulated crop transpiration values for the season 2008–
2009 were used to calculate MWP.
Modeling the Maize Water Productivity 
relationship to soil Properties
Soil sampling for determination of physical parameters 
was done in April 2009; in situ measurements for hydraulic 
measurements were conducted in May and June of 2009. 
Composite samples were collected from all treatments in all 
fields, air-dried and analyzed using the following methods: soil 
organic C (SOC) was measured via the modified Walkley–
Black method (Houba et al., 1989); macroaggregate stability 
was measured as the macroaggregate index (Ima) via a wet siev-
ing method (Kemper and Rosenau, 1986); aggregate-protected 
C was determined using an aggregate incubation assay (Beare 
et al., 1994; steady-state infiltration rate (SSIR) was measured 
using double-ring infiltrometry (Anderson and Ingram, 1993); 
pore density was measured via double-ring infiltrometry in con-
junction with a tension infiltrometer (Watson and Luxmoore, 
1986); and unsaturated hydraulic conductivity was measured 
using a tension infiltrometer (Commonwealth Scientific and 
Industrial Research Organisation, 1988). Full details of the 
methods used in the determination of soil physical and hydrau-
lic characteristics are given in earlier works (Dunjana et al., 
2012, 2014). 
statistical analyses
Maize water productivity values were analyzed within 
each field with fertility treatment as a factor using a one-way 
ANOVA in the Genstat statistical package (Version 14, VSN 
International Ltd.). Significance testing was at P < 0.05. 
Principal component analysis (PCA) was used to determine 
the relationship between MWP and soil properties that sig-
nificantly responded to cattle manure and mineral-N fertilizer 
application. These included SOC, Ima, aggregate-protected 
C, SSIR, macropore density >300 mm in diameter (MD300), 
and unsaturated hydraulic conductivity (Dunjana et al., 2012, 
2014). Principal component analysis avoids multicollinear-
ity by grouping properties that are strongly correlated into 
independent linear combinations (factors) used in subsequent 
regression analysis. First, the soil properties and MWP were 
subjected to correlation analysis using the Pearson product 
moment correlation in SigmaPlot version 12.0 (Systat Software 
Inc., 2012). Principal component analysis was then used to 
group the soil properties into factors based on the correla-
tion matrix. The total variance of each factor defined as an 
eigenvalue was used as a basis for significant factor selection 
(Swan and Sandilands, 1995). Factors with eigenvalues ³1 
were retained for further analysis (Brejda et al., 2000). Of 
Agronomy	 Journa l 	 • 	 Volume	107,	 Issue	6	 • 	 2015	 5
the retained factor(s), the criterion used to select specific soil 
properties to be included in that factor was a correlation coef-
ficient or factor loading value. In this study, soil properties with 
a loading coefficient of 0.4 or more in a factor were retained. 
When more than one soil property was selected within a fac-
tor, their linear correlations were considered so as to determine 
any redundancy. If significant correlations were observed (P 
< 0.05), the soil property with the highest factor loading was 
selected for further consideration (Jagadamma et al., 2008). If 
the highly weighted properties within a factor were not corre-
lated, each soil property was considered important and retained 
in the dataset. A regression analysis was then performed using 
PCA derived soil properties (factors) as independent variables 
and MWP as the dependent variable at P < 0.05.
results
Weather, soil, and Crop Parameters
Rainfall received and ET0 for the 2008–2009 cropping 
season are presented in Fig. 1. The soil profile descriptions indi-
cated limited variation in soil characteristics down the profiles 
for the two sites. Three soil horizons (0–13, 13–38, and 38–68 
cm) with a clayey texture were observed in the clay soil up to 68 
cm depth, beyond which were stones and boulders. Four soil 
horizons (0–14, 14–50, 50–73, and 73–120 cm) with a coarse 
sandy loam texture were characterized from 0 to 120 cm depth 
in the sandy soil. Field capacity and permanent wilting point 
values for the surface horizons are presented in Table 1. Maize 
final rooting depth clearly increased from the control, which 
had the shallowest roots observed, whereas maize with applica-
tion of 15 and 25 Mg ha–1 cattle manure and 100 kg ha–1 min-
eral N had the longest roots on both clay and sandy soil (Table 
2). Sowing dates for the two sites were different and this was 
of no particular importance, since no statistical comparison 
between the two sites was intended.
Validation of the aquaCrop Model
The coefficients of determination, between observed and 
simulated moisture content for both the clay (r2 = 0.75) and 
sandy soil (r2 = 0.80) were high (P < 0.0001) and the soil 
moisture data nearly plotted along the 1:1 line (Fig. 2). In addi-
tion, |ND| and EF were 0.08 and 0.57, respectively, for the clay 
soil; on the sandy soil, |ND| was –0.07 and EF 0.78. All the 
values fell within acceptable limits of |ND| < 0.1 and EF > 0.5 
(Beaudoin et al., 2008) although, according to |ND|, the model 
overestimated the moisture content of the sandy soil. However, 
since the rest of the criteria fell within acceptable limits, the 
model was accepted as satisfactorily simulating soil moisture 
and subsequently transpiration and therefore used without any 
further adjustments to the model parameters.
Maize Water Productivity
Maize yield was significantly (P < 0.05) improved with an 
increase in cattle manure and mineral-N fertilizer application 
over the control on both clay and sandy soils (Table 3). Grain 
yield on both sandy and clay soils did not respond to fertiliza-
tion rates above 15 Mg ha–1 M + 100 kg ha–1 N, except for the 
OF on sandy soil, which showed an increasing trend at higher 
rates (Table 3). Modeled Tr ranged between 145 and 324 and 
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whereas the Tr/Es ratio ranged between 0.23 and 0.42 and 
between 0.29 and 0.51 on clay and sandy soils, respectively. 
Maize water productivity was significantly (P < 0.05) higher 
with cattle manure and mineral-N fertilizer addition relative 
to the control on all fields. In addition, there were no signifi-
cant differences among cattle manure application rates, except 
between the 5 Mg ha–1 and higher manure application rates at 
the clay OF sites (Table 3).
relationship of Maize Water 
Productivity to soil Properties
Significant and positive correlations were observed between 
MWP and SOC, macroaggregation, SSIR, and MD300. 
Further, inter-correlations among soil physical properties were 
observed (Table 4).
When soil properties were subjected to PCA, only one fac-
tor had an eigenvalue >1, which explained 59.9% of the varia-
tion (Table 5). Factor 2 and Factor 3 with eigenvalues <1 were 
discarded. Factor 1, which was retained for further analysis, 
consisted of four soil properties with loading coefficients >0.4; 
these were SOC, Ima, SSIR, and MD300. Correlation analy-
sis among the four retained parameters indicated that they 
were significantly correlated (Table 4). As a result, only SSIR, 
which had the highest loading coefficient, was retained for the 
regression modeling (Table 5). Therefore, a simple linear regres-
sion model with R2 = 0.87 was obtained:
MWP 0.32 SSIR 1.07= × −  [5]
where MWP is in kilograms per cubic meter and SSIR in centi-
meters per hour.
Correlation analysis on the sandy soil showed a positive and 
significant relationship between MWP and SOC only (P < 
0.05) (Table 6). Consequently, linear regression was performed 
between the MWP and SOC. The simple linear model was 
obtained with an R2 value of 0.79:
MWP 1.41 SOC 0.24= ´ -  [6]
where SOC is in grams per kilogram.
disCussion
The soil moisture submodel within AquaCrop was used as a 
proxy to validate the performance of AquaCrop in the predic-
tion of other water balance components using weather, soil, 
and crop data as inputs. AquaCrop was satisfactorily validated 
for soil moisture and therefore accepted as closely predicting 
other water balance components, including daily and seasonal 
cumulative maize transpiration, which were used in the calcu-
lation of MWP. Soil moisture was primarily chosen for its ease 




Manure N	fertilizer GY Tr Tr/Es MWP GY Tr Tr/Es MWP
Mg	ha–1 kg	ha–1 Mg	ha–1 mm kg m–3 Mg	ha–1 mm kg m–3
Clay	soil
0 0 0.9a† 145 0.24 0.62a 0.9a 158 0.23 0.57a
5 100 3.4b 298 0.33 1.14b 2.7b 211 0.32 1.28b
15 100 4.5c 321 0.36 1.40b 4.2c 247 0.37 1.70c
25 100 4.7c 324 0.42 1.45b 4.3c 252 0.40 1.71c
LSD 0.2 0.28 0.5 0.32
Sandy	soil
0 0 0.4a 167 0.30 0.24a 0.2a 83 0.29 0.24a
5 100 2.3b 230 0.39 1.00b 0.8b 114 0.39 0.70b
15 100 3.3c 297 0.48 1.11b 1.9c 246 0.47 0.77b
25 100 3.3c 300 0.49 1.10b 2.3d 245 0.51 0.94c





Parameter Ima APC SSIR Porosity† K0 MWP
SOC 0.66*** 0.11 0.83*** 0.72** 0.32 0.83***
Ima – 0.21 0.83*** 0.82*** –0.08 0.97***
APC – – 0.41 0.50 0.06 0.33
SSIR – – – 0.86*** 0.21 0.92***
Porosity – – – – 0.05 0.86***
K0 – – – – – 0.10
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the validation of the BUDGET model under similar climatic 
conditions in Zimbabwe (Magodo, 2012).
Maize water productivity significantly increased with cattle 
manure application and mineral-N fertilizer application com-
pared to no fertility amendment on both soils. The similarity 
in yield responses to fertility treatments on clay HF and OF 
indicated some degree of fertility restoration to the OF following 
7 yr of similar fertilization to that of the HF. Improved MWP 
with cattle manure and mineral-N fertilizer application is prob-
ably a result of increased crop biomass growth as well as the 
improved Tr/Es ratio in the crop (Zhang et al., 1998; Hati et al., 
2006). The increasing Tr/Es ratio was indicative of the increase 
in biomass production resulting from improved fertility which 
probably gave rise to better canopy cover, reducing the contribu-
tion of soil moisture loss through bare soil evaporation.
Similar observations that attest to the importance of soil fer-
tility to CWP and/or WUE have also been made in other parts 
of Africa and India (Rockstrom et al., 2003; Singh et al., 2010). 
Singh et al. (2010) attributed such an improvement in CWP to 
improved root growth and the consequent use of soil moisture 
from deeper layers. Enhancing the capacity of crops to use more 
soil moisture is of paramount importance, particularly in the 
semiarid regions where the adverse effects of climate change, 
including little and erratic rainfall, have aggravated the peren-
nial low crop productivity characteristic of the region. This was 
also confirmed in this study, where root depth increased with 
an increase in cattle manure and mineral-N fertilizer applica-
tion increasing from 40 to over 60 cm in clay soils and over 70 
cm in sandy soils (Table 2). Therefore, to curb these adverse 
climatic conditions, combined cattle manure and mineral-N 
fertilizer application is a viable alternative that can result in 
improved maize productivity.
The MWP values reported in this study were within range of 
other values reported in literature (Navarro et al., 1996; Zwart 
and Bastiaanssen, 2004), despite their use of evapotranspira-
tion as the denominator of the CWP expression. AquaCrop 
was vital in providing an alternative in the calculation of 
MWP that avoided including nonproductive losses through 
evaporation. In addition, there may be room for further 
improvement of Tr through an increase in canopy cover, which 
can also be enhanced through higher plant populations per 
hectare. AquaCrop predicted soil moisture reasonably well and 
thus exhibited potential for other applications beyond its pres-
ent application, such as prediction of crop yields under various 
scenario simulations.
relationship of Maize Water 
Productivity to soil Properties
The significant correlations observed between MWP and 
SOC, Ima, SSIR, and MD300 on the clay soil suggested that 
changes in the soil properties brought about by combined cattle 
manure and mineral-N fertilizer were indeed of vital impor-
tance to MWP. Shukla et al. (2004) reported similar results 
between maize grain yield and organic matter, water-stable 
aggregation, and available water capacity, which they attributed 
to improved soil aggregation, transmission, and storage poros-
ity, which might have increased soil moisture and enhanced 
plant–soil water relationships. The effects of cattle manure and 
mineral-N fertilizer effects on physical soil properties and crop 
yields cannot be overemphasized as has been proved in several 
studies (Celik et al., 2004; Chakraborty et al., 2010; Dunjana 
et al., 2014), thus making combined manure and inorganic 
fertilizer application key in smallholder crop productivity.
Use of PCA allowed for selection of SSIR as the most sig-
nificant factor contributing to variability in MWP on clay soil. 
Infiltration rates generally are considered to be reflective of the 
cumulative effects of soil management on soil aggregation and 
macroporosity (Ankeny et al., 1990). It is, however, important 
to note that the physical soil properties partially explained 
variability in MWP, although the remaining variability was 
unknown.
On sandy soil when soil properties and MWP were subjected 
to correlation analysis, only SOC was significantly correlated 
to MWP, whereas there were no significant correlations among 
the soil properties. These observations were not unexpected 
because most physical soil properties were largely not signifi-
cantly influenced by cattle manure and mineral-N fertilizer 
application and where changes were observed they were incon-
sistent (Dunjana et al., 2012, 2014). This was attributed to the 
very low clay content in the sandy soil: 13% compared to 39 to 





Initial	eigenvalue 3.59 0.99 0.92
Proportion	of	variance	explained,	% 59.90 – –
Cumulative	variance	explained,	% 59.90 – –
Soil	organic	C 0.46 –0.26 0.30
Macroaggregation	index 0.47 0.22 0.26
Aggregate	protected	C 0.25 0.21 –0.88
Steady-state	infiltration	rate 0.51 –0.05 0.03
Porosity† 0.49 0.15 –0.07






Parameter SOC SSIR K0 MWP
SOC – 0.48 0.46 0.94*
SSIR – – –0.37 0.34
K0 – – – 0.69
MWP – – – –
*	Correlation	significant	at	P	<	0.05.	
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use of PCA techniques was not necessary on the sandy soil 
since no intercorrelations were reported among the soil proper-
ties and a simple linear regression was performed. The resulting 
highly positive R2 indicated that increasing SOC is important 
if MWP is to be improved in the sandy soil. Positive relation-
ships between SOC and the capacity of soil to supply essential 
plant nutrients such as N, P, and K and increasing cation 
exchange capacity, which result in improved maize growth and 
yield are well documented (Rezaei and Gilkes, 2005; Wang et 
al., 2010). Consequently, cattle manure and mineral-N fertil-
izer may have contributed to improved MWP through variable 
nutrient supply, which could have enhanced maize growth.
ConClusion
Integrated cattle manure and mineral-N fertilizer applica-
tion significantly increased MWP over no application on both 
clay and sandy soil, possibly through increased biomass pro-
duction and enhanced partitioning of evapotranspiration into 
crop transpiration. Steady-state infiltration rate explained the 
greatest level of variation in MWP on clay soil, probably as a 
consequence of increased water infiltration, which might have 
improved moisture availability. This evidently demonstrated 
that besides enhanced nutrient availability, the enhanced 
physical soil properties associated with manure application 
also accounted for the increased MWP in clay soils. On the 
other hand, in the sandy soil, SOC could have contributed 
to the greatest level of variability in MWP through multiple 
nutrient supply from cattle manure. We therefore concluded 
that integrated cattle manure and mineral-N fertilizer applica-
tion should be at the core of adaptation strategies, particularly 
under water-limiting cropping systems. Furthermore, targeted 
soil fertility management should be recommended so as to 
improve resource use efficiency, since the two soils showed vari-
able response to similar fertility management.
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